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ABSTRACT
Observed H i accretion around nearby galaxies can only account for a fraction of the gas supply needed to sustain the currently
observed star formation rates. It is possible that additional accretion happens in the form of low column density cold flows, as
predicted by numerical simulations of galaxy formation. To contrain the presence and properties of such flows, we present deep H i
observations obtained with the NRAO Green Bank Telescope of an area measuring 4◦ × 4◦ around NGC 2403. These observations,
with a 5σ detection limit of 2.4 · 1018 cm−2 over a 20 km s−1 linewidth, reveal the presence of a low-column density, extended cloud
outside the main H i disk, about 17′ (∼ 16 kpc or ∼ 2R25) to the NW of the center of the galaxy. The total H i mass of the cloud is
6.3 ·106 M, or 0.15 percent of the total H i mass of NGC 2403. The cloud is associated with an 8-kpc anomalous-velocity H i filament
in the inner disk, previously observed in deep VLA observations by Fraternali et al. (2001, 2002). We discuss several scenarios for
the origin of the cloud, and conclude that it is either accreting from the intergalactic medium, or is the result of a minor interaction
with a neigbouring dwarf galaxy.
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1. Introduction
Accretion of gas from the intergalactic medium (IGM) is often
proposed as a mechanism for galaxies to obtain sufficient gas
to maintain their star formation rate over cosmic time. There is
however little direct observational evidence that can constrain
the existence of the accretion and the magnitude of the accre-
tion rates. In a recent review, Sancisi et al. (2008) make an in-
ventory of possible signatures of gas accretion in and around
nearby galaxies. They find an average visible H i accretion rate
of ∼ 0.2 M year−1, which is an order of magnitude too low to
sustain the current star formation rates of the galaxies studied.
Searches for accreting gas are hampered by the difficulty of
disentangling external, accreting gas from gas that has been ex-
pelled from the disk by processes of star formation (the so-called
“galactic fountain”; Shapiro & Field 1976). In many cases, so-
phisticated three-dimensional modeling of the H i data cube is
required to do this. Recent examples of this kind of analysis are
presented in papers from the HALOGAS survey (Hydrogen Ac-
cretion in LOcal GAlaxieS; Heald et al. 2011), a deep H i survey
of 24 nearby galaxies, looking, amongst others, for signs of ac-
cretion in these galaxies (see Gentile et al. 2013; Kamphuis et al.
2013; Zschaechner et al. 2011, 2012).
These issues were also highlighted in earlier deep surveys
of two nearby galaxies, NGC 891 and NGC 2403. Deep H i ob-
servations of the edge-on galaxy NGC 891 showed the presence
of H i far above the main disk (Swaters et al. 1997; Oosterloo
et al. 2007). Most of this H i was found to be rotating with the
disk, but lagging slightly. This slower rotation of the extra-planar
gas can be explained within the context of the galactic foun-
tain model (Fraternali & Binney 2006). A smaller fraction of
the extra-planar H i in NGC 891 was found to be at velocities
inconsistent with circular rotation (Oosterloo et al. 2007). This
gas is thought to be accreting. A number of the prominent H i fil-
aments in NGC 891 are also difficult to explain with the galactic
fountain model.
A second galaxy where prominent, lagging extra-planar H i is
detected is NGC 2403 (Fraternali et al. 2001, 2002). This galaxy
is observed at an intermediate inclination of 63◦, which has the
advantage that signs of in- or outflow of the gas can be detected
directly. Modeling by Fraternali et al. (2001, 2002) and Frater-
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nali & Binney (2008) shows that the kinematics of the extrapla-
nar gas in NGC 2403 is consistent with inflow and this could
therefore be a sign of accretion.
The analyses described above were done using data obtained
with the Very Large Array (VLA) or the Westerbork Synthesis
Radio Telescope (WSRT), i.e., radio interferometric telescopes.
While these have excellent spatial resolution, a large observ-
ing effort is required to reach the low column density levels
where one expects to see signs of accretion. For this reason, we
have started a survey of a number of nearby galaxies (mainly
taken from the THINGS survey; Walter et al. 2008) using the
Green Bank Telescope (GBT), with the goal to obtain the deepest
maps of these galaxies obtained so far, and quantify the presence
of low-column density, and possibly accreting, features around
these galaxies. A full description and first results of this survey
will be presented elsewhere (Pisano 2014, Pisano et al., in prep.).
Here we report on the discovery, using GBT observations, of
an extended, low-column density H i feature close to and possi-
bly connected with NGC 2403. We describe the observations in
Sect. 2. In Sect. 3, we argue that the feature is associated with
an anomalous-velocity H i complex discovered in earlier high-
resolution VLA observations (Fraternali et al. 2001, 2002). In
Sect. 4 we describe various evolution scenarios for the feature.
We summarize our results in Sect. 5.
2. Observations
NGC 2403 is a nearby (D = 3.2 Mpc; 1′ = 0.93 kpc) late-type
spiral, and part of the M81 group. It has an absolute luminosity
MB = −19.4, an extended H i disk, and an inclination of 63◦. It
has a well-defined, symmetrical rotation curve, with a maximum
rotation velocity of 135 km s−1. Its heliocentric systemic veloc-
ity is 132.8 km s−1. See Walter et al. (2008); de Blok et al. (2008)
and Trachternach et al. (2008) for more detailed information re-
garding general properties of NGC 2403.
2.1. GBT observations
Observations of NGC 2403 were carried out with the 100m
Robert C. Byrd Green Bank Telescope (GBT) of the NRAO1
in 21 sessions between 29 May and 30 September 2009. We ob-
served a 4◦ × 4◦ area centered on NGC 2403. Strips of constant
right ascension and declination, spaced by 3′, were observed to
form a ‘basket weave’ pattern over the region. The spacing and
integration times ensure Nyquist-sampling. The total integration
time for the entire map was approximately 127 hours, corre-
sponding to an integration time per beam of ∼ 11 min. The GBT
spectrometer was used with a bandwidth of 12.5 MHz. This cor-
responds to a velocity range from −885 km s−1 < vLSR < 1750
km s−1. The typical system temperature for each channel of the
dual-polarization receiver was ∼ 20 K.
A reference spectrum for each of the sessions was made
by observing an emission-free region about 4.75◦ away from
the galaxy. The reference spectrum was then used to perform
a (signal–reference)/reference calibration of each pixel. The cal-
ibrated spectra were scaled by the system temperature, corrected
for atmospheric opacity and GBT efficiency. We adopted the
GBT efficiency equation (1) from Langston & Turner (2007)
1 The National Radio Astronomy Observatory (NRAO) is a facility of
the National Science Foundation operated under cooperative agreement
by Associated Universities, Inc.
with a zenith atmospheric opacity τ0 = 0.009. Data reduction
was done using custom routines developed using GBTIDL2.
The frequency range observed was relatively free of radio-
frequency interference (RFI), with ∼ 5% of all spectra adversely
affected. Spectra that showed high noise values across many
channels were flagged and removed. After amplitude calibration
and gridding, a first-order polynomial was fit to line-free regions
of the spectra and subtracted from the gridded spectra.
Data from all observing sessions were converted to helio-
centric velocities and combined into a single data cube. In or-
der to match the typical linewidths of neutral hydrogen features
observed around galaxies, spectra were smoothed to a velocity
resolution of 5.2 km s−1. The effective angular resolution is 8.7′,
and we use a pixel size of 1.75′. The calibration from K to Jy
was derived by observing 3C286 in the same way as the H i
maps. The final scale factor from K to Jy is 0.43 ± 0.03. Due to
remaining low-level RFI and residual continuum emission, the
noise level varies by ∼ 20% throughout the cube. The average
RMS noise in the final data cube is 6.0 mJy beam−1 or 13.6 mK
per 5.2 km s−1 channel. This translates to a 1σ column density
sensitivity of 1.3 · 1017 cm−2 per channel, or a 5σ sensitivity of
2.4 · 1018 cm−2 for a 20 km s−1 full width at half maximum H i
line.
2.2. Deep VLA observations
In this paper we compare the GBT data with deep VLA observa-
tions obtained by Fraternali et al. (2001, 2002). They observed
NGC 2403 for 40 hours with the VLA in its CS configuration.
Here we use the 30′′ data presented in Fraternali et al. (2002).
The data cube was created using a robustness parameter of 0 and
a taper of 27′′. The channel spacing is 5.15 km s−1. The data
were Hanning-smoothed, leading to an effective velocity resolu-
tion of 10.3 km s−1. The synthesized beam size of this cube is
29.7′′ × 29.3′′ and the column density sensitivity limit for a 5σ
detection over one velocity resolution element is 2.0 ·1019 cm−2.
See Fraternali et al. (2002) for more details.
In addition, we also smoothed the 30′′ cube spatially to a
resolution of 60′′ and 90′′, as well as to the GBT resolution of
8.7′ (using a simple Gaussian smoothing function). We use these
cubes later to determine how much of the H i detected with the
GBT was also detected by the deep VLA observations.
3. Analysis
3.1. GBT channel maps and moment maps
To derive the total H i mass and the global velocity profile, we
clipped the GBT data cube at 2.5σ, also removing by hand a
small number of spurious noise peaks (caused by low-level resid-
ual RFI). The rotation and systemic velocity of NGC 2403 mean
that for radial velocities below vhel ∼ 10 km s−1 galaxy emission
overlaps with Galactic emission. Based on symmetry considera-
tions the velocity range where we cannot recover the NGC 2403
H i distribution is however small.
Figure 1 shows the global H i profile. We find a total flux
of 1677.1 Jy km s−1. This does not include any emission below
vhel = 10 km s−1, but it is clear from Fig. 1 that this will be only a
small fraction of the total flux. Assuming a distance of 3.2 Mpc,
we find an H i mass of 4.03 · 109 M. This is higher than was
found in previous observations. Single-dish data by Rots (1980)
yield a total flux of 1448.1 Jy km s−1 or an H i mass of 3.50 · 109
2 http://gbtidl.nrao.edu
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Fig. 1. Global H i profile of NGC 2403 derived from the GBT data. The
dotted line indicates vhel = 10 km s−1. Below this velocity, Galactic
emission affects the data and emission from NGC 2403 could not be
unambiguously identified.
M. Interferometric data by Begeman (1987) gave an H i mass
of 3.0 · 109 M, observations by Sicking (1997) 3.13 · 109 M,
and deep observations by Fraternali et al. (2002) 3.28 · 109 M
(all values corrected to D = 3.2 Mpc).
Uncertainties in interferometrically measured H i masses are
usually dominated by calibration uncertainties, bandpass correc-
tions, selection of masks, etc., rather than by the formal statis-
tical uncertainties. They are therefore difficult to quantify. An
empirically motivated estimate of the uncertainties is ∼ 10%.
This value is higher than the formal statistical uncertainty, which
tends to be a few percent at most for bright sources such as con-
sidered here (cf. the values quoted in Begeman 1987 and Sick-
ing 1997). Comparing the above measurements with the GBT
observations, we see that the latter detect 20% more flux, i.e., a
significantly higher value.
Part of this additional flux will be due to the larger area ob-
served by the GBT compared to the single interferometer point-
ings. However, we also detect more flux than found in the Rots
(1980) single-dish data. Rots (1980) surveyed a similar area as
our observations, so the difference cannot be due to a more lim-
ited field of view. A comparison between the two single-dish
global profiles, shows that our observations detect more flux over
the entire velocity range of the galaxy. Although this could be
a calibration issue, it is likely that our new GBT observations,
which are approximately 50–100 times more sensitive in terms
of column density, detect more low column density H i. For ex-
ample, the low-column density kinematically anomolous H i de-
tected by Fraternali et al. (2001, 2002) has a total H i mass of
∼ 3 · 108 M, which could explain a large part of the difference
in the derived single-dish masses.
Selected channel maps from the GBT data cube are shown in
Fig. 2. The emission from the main disk of NGC 2403 is sym-
metric and regular, though the velocity field (see below) indi-
cates that the outer disk is slightly warped. In the channel maps
between v = 150.5 and 104.1 km s−1 we see a faint extension to
the NW of the main emission component, indicated by the arrow
in the v = 140.2 km s−1 panel. This “cloud” seems to connect up
with the main disk at lower velocities, but looks separate from
it towards higher velocities. All velocities mentioned here and
below are heliocentric velocities.
Using the clipped data cube described above we create
moment maps showing the integrated emission (zeroth mo-
ment) and the intensity-weighted average velocity (first mo-
ment). These are shown in the left-hand panels in Fig. 3. In this
Figure, we also show for comparison (in the right-hand panels)
the integrated H i map and velocity field derived from the 30′′
VLA data set from Fraternali et al. (2002). The H i distribution
in the GBT data, even when taking the different beam sizes into
account, extends further out than in the VLA data. Part of this
is due to the size of the primary beam of the VLA. Figure 4
shows the 50 percent and 10 percent sensitivity VLA primary
beam sizes overplotted on the VLA integrated H i map. The NGC
2403 emission as observed by the VLA extends out to the edge
of the 50 percent sensitivity primary beam. Beyond this radius
the primary beam sensitivity drops rapidly, hampering the de-
tection any emission that may be present there. This emission is
however detected by the GBT observations which do not suffer
from primary beam effects.
The velocity field derived from the GBT data cube looks reg-
ular, and shows signs of a slight warp in the outer parts, as indi-
cated by a small variation of the position angle of the kinematical
major axis.
In addition to the full data cube used to create the moment
maps discussed above, we also created a cube containing only
the emission from the cloud. This was done by applying an inten-
sity cut to remove the very bright emission from the main disk.
We created an integrated H i map of the cloud, which is shown
in the top panels of Fig. 3 overlaid on the GBT and VLA maps.
The cloud clearly overlaps with the main disk as seen at the GBT
resolution. The high contrast between cloud and disk emission,
combined with the relatively large size of the beam, means we
can only identify cloud emission where (in the channel maps) it
does not overlap with the main disk (see, e.g., Fig. 2 at v = 124.8
km s−1 where the cloud emission merges in projection with the
main disk emission). It is therefore likely that the cloud extends
further toward the SE than Fig. 2 suggests, and that the SE edge
is artificial. Due to the confusion with Galactic emission it is not
possible to establish whether other low column density features
are present in the channels with v < 10 km s−1. If present, they
would however not be related to the cloud because of the differ-
ent spatial location of the main disk H i at these velocities.
The total H i mass of the cloud is 6.3 · 106 M, or about 0.15
percent of the total H i mass of NGC 2403. The radial distance
of the highest column density part of the cloud to the center of
NGC 2403 is ∼ 17′ (corresponding to ∼ 16 kpc or ∼ 2 times
R25). The H i mass is a lower limit because, as noted above, we
can only identify cloud emission when it is not projected against
the main disk.
3.2. Comparison with deep VLA observations
We compare the GBT data with the deep, single-pointing VLA
H i study of NGC 2403 by Fraternali et al. (2001, 2002) as de-
scribed in Sect. 2.2.
One of the main results to come out of that study is the de-
tection of an extended, kinematically anomalous H i component
in NGC 2403, which Fraternali et al. (2001, 2002) interpret as
a thicker disk which rotates slower than the thin, main, cold H i
disk. The velocity field of the thick component shows evidence
for inflow motion towards the center. In addition, Fraternali et al.
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Fig. 2. Selected channel maps of the GBT data cube. Contours levels are −2σ (gray dashed contours) and (2, 4, 8, 16, 32, 64, 128, 256, 512, 1024)·σ
(full contours) where σ = 6 mJy beam−1. This corresponds within a single channel to a column density of 1.25 · 1017 cm−2. Heliocentric velocities
of the channels in km s−1 are shown in the top-right of each channel. From 150.5 to 104.1 km s−1 every channel is shown. Outside this range only
every third channel is shown. The GBT beam is shown in the bottom-left corner of the top-left panel. Channels in the bottom-row are marginally
affected by Galactic emission. In the 140.2 km s−1 panel the arrow indicates cloud emission.
(2001, 2002) report the presence of gas at “forbidden” velocities,
that is, having velocities that make it impossible for it to be part
of the regular rotation of the disk.
In addition, NGC 2403 was found to contain a number of
kinematically anomalous H i complexes that are not at forbidden
velocities, but nevertheless deviate from regular, circular rota-
tion. Fraternali et al. (2001, 2002) interpret the anomalous gas as
a sign of accretion.
One of the most prominent of these anomolous H i com-
plexes is a filament with an H i mass of ∼ 1 · 107 M, located
in the inner disk, with a velocity that differs 60–100 km s−1 from
the local rotation, and which is referred to as the “8-kpc fila-
ment” by Fraternali et al. (2002).
Fraternali et al. (2002) fit Gaussians to the peaks of the H i
profiles and subtract these from the data to isolate emission with
anomalous velocities. We also use this method to separate out
the emission from the 8-kpc filament in the VLA data cube. We
show an integrated H i map of this filament superimposed on that
of the main disk in the top panels of Fig. 3 (see also Figs. 7 and 8
in Sancisi et al. 2008). These figures immediately show that the
8-kpc filament points towards the cloud seen by the GBT.
We make a more detailed comparison in Fig. 5, where we
show again the GBT channel maps from Fig. 2, but this time su-
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Fig. 3. H i moment maps of NGC 2403. Top-left: Integrated H i map derived from the GBT data. Thick dark-gray contours show the H i distribution
of the entire galaxy. Contour levels are 5 · 1017, 5 · 1018, 5 · 1019, and 5 · 1020 cm−2. The gray-scale runs from 5 · 1017 (white) to 1.5 · 1021 cm−2
(black). Thin, black contours show the H i distribution of the cloud. Contour levels are (6.25, 12.5, 25, 62.5) · 1017 cm−2. White contours indicate
the location of the 8-kpc filament. The GBT beam is shown in the bottom-left. Top-right: Integrated H i map derived from the 30′′ VLA data
from Fraternali et al. (2002). Grayscale runs from 2 · 1019 (white) to 2 · 1021 cm−2 (black). Contours are as in top-left panel. The VLA beam is
indicated in the bottom-right corner. Bottom-left: Intensity-weighted mean velocity field derived from the GBT data. The thick black contour
indicates v = 130 km s−1. White contours decrease with respect to this value in steps of 20 km s−1. Black contours increase in steps of 20 km s−1.
Bottom-right: Intensity-weighted mean velocity field derived from the 30′′ VLA data. Contours are as in bottom-left panel.
perimposed on the corresponding deep VLA data channel maps
from Fraternali et al. (2002). Because of the large area shown,
the VLA data are not corrected for primary beam effects.
In the VLA data in Fig. 5, note the “finger” of emission
pointing to the NW away from the main emission between 150.5
and 109.3 km s−1. This is the 8-kpc filament. There is a clear cor-
relation between the appearance of this “finger” in the VLA data
and the cloud emisson in the GBT data, which strongly hints at
the cloud and filament being associated, and likely forming one
single complex. As mentioned earlier, the spatial separation be-
tween the filament and cloud features is probably artificial, due
to our inability to detect faint cloud emission projected against
the bright main disk. We show two channel maps in more de-
tail in the bottom panels of Fig. 6, where we show the GBT
emission superimposed on the VLA data smoothed to 60′′. The
higher sensitivity that we achieve due to the spatial smoothing
allows us to trace the “finger” further out, to the point where it
touches the cloud emission detected by the GBT. Apart from the
spatial continuity, there is also a clear velocity continuity which
we illustrate using the position-velocity (pV) diagram shown in
the top panel of Fig. 6. The pV diagram was created by taking
a slice through the VLA and GBT cubes, going through both
the center of the cloud and the filament, as indicated by the line
in Fig. 4. Due to the large difference in resolution between the
two datasets, we chose different thicknesses for the slices. For
the GBT data we extracted a slice with a thickness of one GBT
beam width. To maximize the signal in the VLA data, we ex-
tracted a slice with a thickness of 100′′, corresponding to the av-
erage width of the filament. The comparison between the slices
in Fig. 6 clearly shows that the filament and the cloud occur at
the same velocities (and only those velocities). The clear spatial
and velocity association strongly suggests that the cloud and the
filament form one single complex.
The link with the 8-kpc filament definitively rules out the
possibility that the cloud is a Galactic foreground object not re-
lated to NGC 2403. Such objects are known to exist in this part
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Fig. 4. A view of the cloud-filament complex. Grayscales show the integrated H i distribution derived from the 30′′ VLA data and run from
2 · 1019 (white) to 2 · 1021 cm−2 (black). Thin, black contours show the H i distribution of the cloud derived from the GBT data. Contour levels are
(6.25, 12.5, 25, 62.5) · 1017 cm−2. White contours show the 8-kpc filament, derived from the 30′′ VLA data. The contour level is 2 · 1019 cm−2.
The highest column density found in the filament is 6.5 · 1019 cm−2. The GBT and 30′′ VLA beams are indicated in the bottom-left corner. The
thick gray line show the location of the position-velocity slice shown in Fig. 6. The long-dashed circle indicates the 50 percent sensitivity level of
the VLA primary beam. The short-dashed circle shows the 10 percent level.
of the sky (Chynoweth et al. 2009), but they are typically found
at velocities of ∼ −150 km s−1 and are therefore likely to be part
of the Milky Way high-velocity cloud population.
We investigated whether the filament could be traced even
further out towards the cloud by convolving the 30′′ VLA data
to a beam size of 90′′. We created a moment map of all emis-
sion between 119.6 and 150.4 km s−1 (cf. Fig. 6). No clipping
or masking was applied. The resulting map is shown in Fig. 7.
Compared to the 30′′ data, the emission extends twice as far and
the tip of the filament overlaps with the SE part of the cloud. Fig-
ure 7 shows hints that at the ∼ 1.5σ to ∼ 2σ level the filament
extends even further towards the center of the cloud. However,
at this level, the data are also affected by deconvolution artefacts
(present as faint features in the bottom-left and top-right of the
Figure) which partly overlap with the possible faint extension. In
the absence of deeper high-resolution data it is therefore difficult
to say more about this low-level extension. Nevertheless, in Fig.
7, the main filament feature is present at high significance levels
and just overlaps with the (likely artificial) SE of the cloud, fur-
ther suggesting that we are dealing with a single cloud/filament
complex.
But is the cloud as seen by the GBT indeed a new feature
which has not been seen before, or is it simply the already known
8-kpc filament as observed with the VLA, but smoothed to a
lower resolution? To answer this, we use the VLA data cube
smoothed to the GBT resolution, as described in Sect. 2.2. We
compare corresponding channel maps and a position-velocity
slice of this smoothed VLA data set and the GBT data in Figs. 5
and 6, respectively. From these Figures it is clear that the cloud
emission was not detected in the single-pointing VLA obser-
vations, and that the GBT observations are showing additional
H i. An explanation for this was already mentioned: the single-
pointing VLA observation has a limited field of view, and as can
be seen in Fig. 4, the cloud is located in the region of the primary
beam where the VLA sensitivity has dropped to between 50 and
10 percent of the central value.
Can we say anything about the column densities of the cloud
compared with that of the filament? The H i mass of the cloud is
6.3·106 M. If we take the dimensions of the cloud to be 16′×12′
(i.e., the angular size of the cloud as shown in Fig. 4 corrected
for the GBT beam size), then the average H i column density of
the cloud is ∼ 6·1018 cm−2 assuming a uniform distribution. This
would not be detected by the deep VLA observations.
Due to the GBT beam size we can, however, not dist-
inghuish between smooth emission which fills the beam, or a
more clumpy, higher column density distribution with a smaller
beam filling factor. To take the other extreme, if we assume that
the H i in the cloud has a size and distribution identical to that
of the 8-kpc filament, then the inferred average column density
increases to ∼ 6 · 1019 cm−2. The column densities in the actual
observed 8-kpc filament are in the range ∼ 3 to ∼ 6 · 1019 cm−2,
so consistent with this value.
It would however still be difficult to detect this more compact
emission in the existing 30′′ VLA data. Putting the observed 8-
kpc filament at the position of the cloud means applying a pri-
mary beam loss of sensitivity of a factor of ∼ 0.4. The resulting
apparent column density would thus be ∼ 1.5 to 2.5 · 1019 cm−2.
Assuming that the emission has a velocity width of ∼ 50 km s−1,
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Fig. 5. Selected channel maps of the GBT data cube superimposed on corresponding channel maps from the deep VLA data. The GBT data are
shown in black contours. Black contours levels are (2.5, 5 [thick contour], 10, 50) · 1017 cm−2. Gray, dashed contours denote −2.5 · 1017 cm−2 in the
GBT data. The gray scale shows the H i emission in the deep 30′′ cube from Fraternali et al. (2002). The thin, red contour surronding this emission
shows the 5 · 1018 cm−2 in these VLA data. The thick, red contours show the 5 · 1017 cm−2 level in the VLA data when smoothed to the GBT
resolution of 8.7′. This is the same column density as shown by the thick black contour. None of the VLA contours or grayscales are corrected for
primary beam effects. The panel in the bottom-right is affected by Galactic emission. The GBT beam is shown in the bottom-left of the top-left
panel. The two small features to the north of the main emission, as indicated by the thick red contour at v = 258.7 and 243.3 kms s−1 are data
artefacts due to the severe smoothing used.
implies that in the 30′′ VLA data, an 8-kpc filament at the posi-
tion of the cloud would show at the ∼ 1σ level in each channel
(cf. the sensitivities listed in Sec. 2.2).
Figure 7 shows that the 90′′ VLA data has detected more
H i associated with the filament than the 30′′ data. The “extra”
emission detected in the former data set (compared to the 30′′
maps) has a corresponding H i mass between ∼ 3 · 105 M and
∼ 8 · 105 M, depending on how exactly the extent of the 30′′
filament is defined. This is only between 5 and 13 percent of
the H i cloud mass detected by the GBT, so it is clear that even
with the extra spatial smoothing applied here, the VLA does not
detect all of the cloud emission.
In an attempt to further constrain the nature of the
cloud/filament complex, we observed the cloud with the WSRT
in Aug and Dec 2013 for a total of 21 hours. The telescope was
pointed at the center of the GBT cloud. The data were reduced
using standard methods, and an image cube was produced using
a robustness parameter of 0 and a taper of 30′′. The resulting
beam size was 42′′ × 47′′, with a noise level of 0.9 mJy beam−1.
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Fig. 6. Comparison of GBT and 30′′ VLA data. Top panel: pV slice through centers of cloud and 8-kpc filament. Position and orientation of
the slice is indicated in Fig. 4. The thickness of the slice through the VLA data is 100′′; the thickness of the slice through the GBT data is one
GBT beam. The grayscale shows the VLA data with (2.5, 5) · 1018 cm−2 contours overplotted in dark-gray. The black contours show the GBT data
at (5, 10, 25, 50, 100) · σ, where σ corresponds to 3 · 1017 cm−2. The cloud is detected at the > 10σ level. The red contour shows the VLA data
smoothed to the GBT resolution at the 5 · 1017 cm−2 level. It is clear the emission detected by the GBT is more extended. The VLA contours and
grayscales are not corrected for primary beam effects. The hatched area at the top indicates velocities affected by Galactic emission. The cloud
and 8-kpc filament are indicated by arrows. The two horizontal lines indicate the velocities of the channel maps shown in the bottom panels.
Bottom panels: Channel maps at v = 135.1 km s−1 (left) and v = 124.8 km s−1 (right). In both panels the grayscale shows the VLA data at
60′′. Thin dark-gray contours show VLA column density levels at (1, 5) · 1018 cm−2. Thin white contours show VLA column density levels at
(25, 50, 250) · 1018 cm−2. The lowest contour of 1 · 1018 cm−2 corresponds to ∼ 2.5σ. Features in the extreme top-right and bottom-left of the
channel maps are deconvolution artefacts. The thick black contours show GBT column density levels and are as in Fig. 5. The GBT beam and the
60′′ VLA beam are shown in the bottom-left of the left channel map.
This corresponds to a 5σ, 10 km s−1 column density sensitivity
of 2.5 · 1019 cm−2.
The WSRT data confirm all features seen in the deep VLA
data, but do not detect significant emission at the position of the
cloud. The similar limits derived from both the WSRT and the
VLA data thus indicate that the cloud H i must have column den-
sities below ∼ 1019 cm−2 (when observed at 30′′ and integrated
over the velocity width of the cloud) for it not be detected in the
deep VLA, or the more shallow but targeted WSRT observations.
The combination of this column density limit, and the total H i
mass of the cloud, implies that the true spatial distribution of the
H i must be fairly uniform, on scales comparable to the extent
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Fig. 7. Integrated H i map of the emission between 119.6 and 150.4
km s−1 derived from the deep VLA data at 90′′ resolution (grayscale).
Light-gray contours show (5, 10, 20, 50, 100, 200) · 1018 cm−2 column
density levels. The noise in the map corresponds to 2 · 1018 cm−2 and
the lowest VLA contour corresponds to ∼ 2.5σ. Thin black contours
show the GBT cloud, thick white contours the 8-kpc filament at 30′′
resolution. Contours as in Fig. 4. The 90′′ VLA beam is indicated in the
bottom-right corner, the GBT beam in the bottom-left corner.
of the GBT-detected emission, as more clumpy H i distributions
with higher local column densities would have been detected.
4. Interpretation
4.1. Comparison with optical data
We investigate whether any signatures or counterparts of the
cloud are visible at other wavelengths. Inspection of GALEX
images (Gil de Paz et al. 2007) shows no sign of an overdensity
of near-ultraviolet (NUV) or far-ultraviolet (FUV) sources in the
area of the cloud, so there is no indication of a concentration of
recent star formation at that location.
A study by Barker et al. (2012) looks at the resolved stel-
lar population in and around NGC 2403, using wide-field obser-
vations with Suprime-Cam on the Subaru telescope. They used
colour-magnitude diagrams to identify different stellar popula-
tions and found that the stellar distribution of NGC 2403 extends
to at least ∼ 40 kpc, at a surface brightness level of µV ∼ 32 mag
arcsec−2. The field of view of these observations thus comfort-
ably encompasses the location of the cloud, which is at a radius
of ∼ 17′ or 16 kpc.
Barker et al. (2012) present the spatial distribution of the stel-
lar populations in their Fig. 10. Their plot of the distribution of
RGB and AGB stars shows diffuse overdensities of stars to the
NW and SE of the main disk, with the NW overdensity being
most prominent. In Fig. 8 we show the distribution of RGB stars
in NGC 2403 from Barker et al. (2012), and overlay the cloud
and the filament. The center of the cloud is offset ∼ 5′ to the NE
from the approximate center of the stellar overdensity, but still
has a substantial overlap.
The optical overdensity shows little internal structure and is
likely part of the faint outer stellar disk, possibly tracing the warp
as seen in H i (cf. Fig. 3). As noted above, according to Barker et
al. (2012), stellar emission can be traced out to well beyond the
Fig. 8. The cloud and filament (contour levels as in Fig. 3) overlaid on
the distribution of RGB stars from Barker et al. (2012) (grayscale). The
ellipses are spaced 10 kpc in deprojected radius. The absence of stars
in the center is due to crowding. The GBT beam is shown in the lower
left of the panel. The distribution of RGB stars is copied from Fig. 10
of Barker et al. (2012).
cloud. The (radially averaged) surface brightness at the radius of
the cloud is µV ∼ 29 mag arcsec−2.
The location of the cloud near the optical overdensity may
thus be a chance superposition and the cloud/filament complex
is possibly the equivalent of a large high velocity cloud (HVC).
The H i mass of the complex is similar to that of the Complex
C HVC in our Galaxy. This raises the question of whether the
cloud/filament complex could be caused by galactic fountain
processes, i.e., could it be gas blown out of the main disk due
to star formation and forming a HVC? As discussed above, Fra-
ternali et al. (2001, 2002) show the presence of a thick, lagging
H i disk in NGC 2403. Fraternali & Binney (2006, 2008) model
this extra-planar gas component using particles that are blown
out of the disk on ballistic orbits. Fraternali & Binney (2008)
conclude that the general distribution of the gas can indeed be
modelled in this way, but that smaller substructures and large fil-
aments (like the 8-kpc filament) are not easily produced in the
fountain model. With the addition of the GBT data, the 8-kpc
filament is now twice as massive and extends much further out
than originally assumed, making it less likely to be purely the
result of the galactic fountain process.
4.2. Comparison with NGC 891: a fly-by scenario
We already noted that another galaxy in which extraplanar gas
has been observed and extensively studied is NGC 891. A pa-
per by Mapelli et al. (2008), which focusses on the origin of the
lopsided disk in NGC 891, offers an interesting alternative expla-
nation for the presence of some of the extra-planar gas observed
in that galaxy.
Mapelli et al. (2008) mention that the main extra-planar fila-
ment in NGC 891 is pointing at nearby LSB galaxy UGC 1807
(as first pointed out in Oosterloo et al. 2007; cf. their Fig. 8),
and using simulations, show that a fly-by interaction with an
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intruder dwarf galaxy can create this filament. Note, inciden-
tally, that these types of fly-bys are also a common phenomenon
in cosmological cold dark matter simulations (Sinha & Holley-
Bockelmann 2012).
For the specific case of NGC 891, Mapelli et al. (2008) find
the best match with an interaction that happened 300 Myr ago,
at a fly-by velocity of 260 km s−1. They show that the filament
must consist mostly of gas stripped off the UGC 1807 intruder.
The Mapelli et al. (2008) simulations indicate the presence
of gas between the two galaxies. Deep GBT H i observations of
the area around NGC 891 do, however, not detect any connec-
tion between NGC 891 and UGC 1807 (D.J. Pisano, priv. com.)
implying that if the fly-by hypothesis holds, then this gas must
be of very low column density and/or ionized, and only close to
the NGC 891 disk dense enough to be detected.
Could the cloud-complex in NGC 2403 be caused by a sim-
ilar fly-by of a neigboring galaxy? If we extend the major axis
of the VLA 8-kpc filament3 (using a major axis position angle
of −17◦; cf. Fig. 4) we find that it passes close to the dwarf
spheroidal galaxy DDO 44 (at about 1.5◦ or ∼ 85 kpc from NGC
2403) and also the late-type dwarf galaxy NGC 2366 (at ∼ 3.5◦
or ∼ 190 kpc). The velocities of the H i in NGC 2366 completely
overlap with those of the H i in NGC 2403. In NGC 2403, H i is
found from ∼ −5 to ∼ 270 km s−1. In NGC 2366, this ranges
from ∼ 40 to ∼ 170 km s−1 (Walter et al. 2008). DDO 44 has
a single radial velocity determination that puts it at 213 km s−1
(Karachentsev et al. 2011), which is inside the range of velocities
found in NGC 2403. See Fig. 9 for an overview.
Arbitrarily assuming the same fly-by velocity of 260 km s−1
as given in Mapelli et al. (2008) (and assuming that this velocity
is in the plane of the sky, ignoring any radial velocities), we find
the timescale for an interaction with DDO 44 to be ∼ 300 Myr.
For NGC 2366 we find ∼ 750 Myr. The DDO 44 timescale is
comparable to the one Mapelli et al. (2008) found for NGC 891.
Given the orbital time of NGC 2403, which is ∼ 700 Myr at
the approximate position of the cloud, it is not clear which part
of the stellar disk would have been affected most. However, the
effects of the interaction on anything other than the local gas dis-
tribution must have been minor. In a study of the star formation
histories at various locations in the NGC 2403 disk, Williams
et al. (2013) find no evidence for any major temporal variations
in the star formation rate. The locations studied were all on the
receding side of the galaxy (i.e., the side of the galaxy opposite
to that of the cloud). Given the regularity and the symmetry of
the stellar disk of NGC 2403, there is, however, no reason to as-
sume that the star formation history of the approaching side of
the galaxy is dramatically different. Williams et al. (2013) sug-
gest that as NGC 2403 is so undisturbed, it is unlikely to have
had major interactions in the past.
Do any of the two potential intruder galaxies show any signs
of interactions or disturbance? NGC 2366 is a gas-rich dwarf-
galaxy which is known to have a disturbed H i velocity field and
an outer gas component that does not follow regular rotation (de
Blok et al. 2008; Oh et al. 2008). It is undergoing a star-burst
and shows evidence for major gas outflows (van Eymeren et al.
2009). McQuinn et al. (2010), from modeling of the stellar popu-
lation, find that the star formation burst started and peaked ∼ 450
Myr ago.
The second, closer, galaxy DDO 44 is a dwarf-spheroidal
galaxy. In a search for Hα clumps in the M81 group, Karachent-
sev et al. (2011) detected an H ii region in this dSph galaxy,
containing a number of blue, late-type B-stars. Karachentsev et
3 We do not include the GBT cloud as its morphology is too uncertain.
al. (2011) note that, despite the absence of early-type B- or O-
stars, the FUV luminosity of ∼ 1 · 1036 erg s−1 of the detected
stars is sufficient to ionise the H ii region. These stars are also
seen in GALEX data. The implied star formation rate (SFR) is
∼ 10−5 M yr−1. Despite this small SFR value, it is surprising to
find recent star formation in such a gas-poor system. No H i has
so far been detected in DDO 44, and we also find no evidence
in our deep GBT cube (which also covers the position of DDO
44). Assuming, like Karachentsev et al. (2011), that the velocity
width of DDO 44 is W ≤ 30 km s−1, puts the 5σ H i mass upper
limit derived from our GBT data at MHI ∼ 8 · 104 M.
In their paper, Karachentsev et al. (2011) speculate that the
star formation is caused by accretion of gas from the intergalac-
tic medium. If the fly-by scenario is valid, this might therefore
be star formation due to gas dragged out of NGC 2403’s im-
mediate environment. The life-time of a late-type B-star (a few
hundred Myr) is consistent with the timescale for the fly-by de-
rived above.
We did search the GBT data cube for evidence of an H i
connection between NGC 2403 and DDO 44, but did not find
any emission beyond what was already detected in the filament,
though one may expect that gas to be of such low column density
that it is ionised. In fact, we do not see any evidence throughout
the entire GBT cube for emission not associated with NGC 2403
or our Milky Way at the 3σ level (3.9 · 1017 cm−1 per 5.2 km
s−1 channel). Nevertheless, the simulations presented in Mapelli
et al. (2008) suggest that in the fly-by scenario, the intruder and
the target galaxy should be connected by a stream of gas. Given
the absence of this stream in emission in the GBT data, it will
be interesting to see if signs of it can be detected in absorption.
Alternatively, careful stacking of spectra in the supposed area of
the supposed stream could yield a result, though the unknown
velocities of the stream (needed to shift the spectra to a common
velocity prior to stacking) could hamper this excercise.
4.3. Accretion
Alternatively, the cloud could be a sign of accretion happening.
This could be accretion (or rather infall) of a dwarf galaxy, or
bona-fide accretion from the IGM or cosmic web.
To start with the first possibility, the cloud and filament com-
plex could represent the tail left behind by a dwarf galaxy as it
plunges into NGC 2403 and is being stripped. Unfortunately, as
we are seeing the tail projected against the bright stellar disk of
NGC 2403, it will be difficult to directly detect the stellar pop-
ulation belonging to the dwarf galaxy. A careful study of the
resolved stellar population in the region where the 8-kpc fila-
ment connects up with the main disk is probably the only way to
directly detect this stellar population, if present.
The second possibility is accretion of gas directly from the
IGM. Simulations show that a fraction of gas falling from the
cosmic web into a galaxy halo potential does not get heated to
the virial temperature of the halo (Kereš et al. 2005). These fila-
ments of cooler gas can penetrate from the IGM through the hot
gas in the halo of a galaxy and directly deliver gas to the disk.
This process is commonly known as “cold accretion”. However,
the gas involved still has a temperature of ∼ 105 K, and is there-
fore not directly comparable with the cold gas we are observing
in the H i line. The cold accretion process appears to be most
efficient at high redshifts (z > 2). At low redshifts it seems (ac-
cording to the simulations) to mainly occur in low-mass galaxies
with Mhalo <∼ 5 · 1011 M (Joung et al. 2012), potentially includ-
ing NGC 2403. As noted, the “cold” accreting gas would have
temperatures too high to be observed in the H i line. However,
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further simulations (Joung et al. 2012) show that in the inner-
most regions of the halo (R <∼ 100 kpc) some of the gas can cool
further and form H i clouds. For a Milky-Way-type galaxy, sim-
ulations show that at z = 0 the amount of cold gas present in the
halo is ∼ 108M (Fernández et al. 2012). This is an order of mag-
nitude higher than the H i mass of the NGC 2403 complex, but
the final stages of accretion are complex and difficult to model,
and it is not clear whether this difference is significant. See also
Nelson et al. (2013) for a comparison of simulations done with
the smoothed particle hydrodynamics and with the moving mesh
techniques. In the latter the amount of cold gas and correspond-
ing cold accretion rates are much lower.
Qualitatively, the density distribution of the filament can be
consistent with an accretion scenario. The VLA observations
show a dense filament close to the disk, with the GBT data show-
ing it with a lower density further out. However, whereas the
current observations are consistent with the infall of an accret-
ing cloud, they do not conclusively prove that accretion from the
IGM is indeed happening.
5. Conclusions
Deep H i observations obtained with the GBT show the presence
of a 6.3 · 106 M cloud near NGC 2403. Comparison with deep
VLA observations by Fraternali et al. (2001, 2002) suggest that
this cloud is part of a larger complex that also includes the ∼
1 · 107 M “8-kpc” anomalous-velocity H i filament in the inner
disk of NGC 2403.
Deep optical observations by Barker et al. (2012) show the
presence of a stellar overdensity near the position of the cloud.
It is not clear however whether the overdensity and the cloud are
associated. We suggest that the cloud/filament complex could
be a direct observation of accretion, or, that we could be seeing
the after-effects of a minor interaction (fly-by) with a neigboring
galaxy.
If we are seeing accretion happening, assuming NGC 2403 is
not a unique galaxy, future observations of other galaxies to sim-
ilar column densities should reveal more of these events. Should
these not turn up in significant numbers, then this would be a
strong indication that features as now seen in NGC 2403 are in-
teraction events. It would imply that significant observable ac-
cretion from the cosmic web is not happening or at least rare at
low redshifts. Future, deeper observations with instruments such
as the SKA, or its precursors, are required to be able to routinely
probe the environment around galaxies and quantify the impor-
tance of accretion from and the relation with the cosmic web.
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Fig. 9. The field around NGC 2403. Contours and grayscales of NGC
2403 (bottom of the plot) are as in Fig. 3. The circle indicates the po-
sition and approximate size of DDO 44. In the top of the panel the H i
distribution of NGC 2366 from THINGS (Walter et al. 2008) is shown.
All distances and sizes are to scale.
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